Isotopic disequilibrium is increasingly recognized as a common feature of magmatic systems, but the details of the mechanism(s) underpinning the development of isotopic disequilibrium during partial melting processes are not fully understood. Partial melting of mica-rich lithologies may be predicted to generate melts enriched in radiogenic Sr compared to the bulk protolith compositions due to the typically high Rb/Sr ratio coupled with low melting temperature of mica in crustal rocks. Here we report a puzzling case study where the Sr-isotope composition of the melt fraction (leucosome) of partially molten metapelites (migmatites) is less radiogenic than the restitic component (melanosome). The examined migmatites fringe ($50 m wide zone) a low-pressure ( 200 MPa), high-temperature ($1050 C) quartz-dioritic intrusion, which was emplaced in the Gennargentu Igneous Complex (Sardinia, Italy) at 306 6 26 Ma (bulk-rock Rb/Sr dating). The migmatites derive from anatexis of the muscovite-rich metapelitic wall-rocks. They include a quartzo-feldspathic leucosome and a melanosome containing cordierite, K-feldspar, plagioclase, biotite, Fe-Ti oxide minerals and both corundum and hercynite. The leucosome has a less radiogenic Sr and more radiogenic Nd isotope composition than the melanosome ( 87 Sr/ 86 Sr (306 Ma) ¼ 0Á71068 and 0Á71536;
INTRODUCTION
Geochemical models for the origin of magmas are commonly based on the choice of end-members or geochemical reservoirs according to the principle of isotopic equilibrium between source rock and melt. However, this principle does not hold true when partial melting generates a melt out of isotopic equilibrium with the solid residue (i.e. disequilibrium melting). Disequilibrium melting is typically documented in systems that cool rapidly, e.g. pyrometamorphic xenoliths (McLeod et al., 2012) and partial melting experiments Knesel & Davidson, 1996; Pichavant et al., 1996; Knesel & Davidson, 2002) . Isotopic disequilibrium between minerals in the protolith during anatexis is also inferred from the petrogenesis of granites and rhyolites (Munksgaard, 1984; Ferrara et al., 1991; Feldstein et al. 1994; Barbero et al., 1995; Ayres & Harris, 1997; Del Moro et al., 2000; Farina & Stevens, 2011; Farina et al., 2014) . However, isotopic disequilibrium is rarely recorded in migmatites (e.g. Tommasini & Davies, 1997; Zeng et al., 2005a Zeng et al., , 2005b because the T-t paths of the prograde metamorphism allow isotopic homogenization by diffusional exchange. This suggests that beyond isotopic heterogeneity of the protolith, other factors must contribute to the isotopic disequilibrium between melt and source rocks, including the rate of heating, duration of melt extraction, and the phases participating to the melting process (Harris & Ayres, 1998) . The formation of new solid phases and persistence of micas during melting reactions should be also evaluated when addressing Sr and Nd isotopic disequilibrium (e.g. Ayres & Harris, 1997; Gaeta et al., 2016) .
The focus of this contribution is isotopic disequilibrium in a low-pressure migmatitic hornfels, in which the timing and spatial relationships between protolith and heat source (i.e. the magmatic intrusion) are unambiguous. Regions of low-pressure and high-temperature metamorphism related to the emplacement of plutonic rocks are widespread in the Variscan Belt of southwestern Europe (e.g. Azor & Ballè vre, 1997) . In such areas, the regional metamorphic gradient is locally intensified due to heat advection from the intrusive bodies. The Gennargentu Igneous Complex (GIC), emplaced in central-eastern Sardinia (Italy) in the late Paleozoic, provides an example of a contact metamorphic aureole formed in response to the injection of a quartz-dioritic magma (Cozzupoli et al., 1994 (Cozzupoli et al., , 1995 (Cozzupoli et al., , 1997 Gaeta et al. 2000; Misiti, 2004) into the Hercynian basement. Partial melting of host rocks is relatively common around intrusions of high-T, intermediate to mafic, magmatic bodies, e.g. the Higganum dolerite dyke, Connecticut (Philpotts & Asher, 1993) ; the Ballachulish complex, Scotland (Pattison & Harte, 1991; Weiss & Troll, 1991; Holness & Clemens, 1999) ; the Huntly Gabbro, Scotland (Droop et al., 2003) and the Bushveld Complex, South Africa (Johnson et al., 2003) . However, the peculiarity of the GIC aureole resides in the low-P ( 200 MPa) conditions of thermometamorphism, comparable to the contact aureole of the Duluth complex, Minnesota (Labotka et al., 1984) . In particular, the interplay between thermometamorphism and metasomatism by deuteric (i.e. late-stage magmatic) fluids released from the GIC intrusive quartz-diorite into the surrounding rocks produced both reddish metagranites (Gaeta et al., 2013) and relatively abundant (up to 50 metres from the contact zone) metapelitic migmatites.
In this contribution, we summarize existing observations and provide new textural and geochemical results for the quartz-diorite, migmatitic hornfels and hybrid rocks (i.e. mixtures including magmatic and wall-rock components) of the Gennargentu Igneous Complex. All these lithotypes are exposed in a relatively small area of less than 30 km 2 ( Fig. 1) , where they form a geometric continuum as an ideal natural laboratory in which to examine the relationships between magmatic intrusion and the host-rocks. We present new major and trace element, and Sr-Nd-O isotope compositions for 30 samples. These results are employed to discuss the petrogenesis and isotopic heterogeneities of migmatitic hornfels and adjacent hybrid rocks.
GEOLOGICAL SETTING AND FIELD RELATIONSHIPS
The GIC (Fig. 1 ) covers an area of about 30 km 2 in the southern part of the Gennargentu Mountains, central Sardinia (Gaeta et al., 2000 (Gaeta et al., , 2013 Misiti, 2004; Misiti et al., 2005 Misiti et al., , 2014 . It intrudes the Nappe Zone of the Sardinian Variscan belt, at the boundary of two tectonic units: the Low Grade Metamorphic Complex of Barbagia and the Meana Sardo Unit, both consisting of greenschist facies meta-sedimentary successions (phyllites, metasandstones and metamorphosed carbonates) (e.g. Funedda & Oggiano, 2009) . The low temperature metapelites of the GIC consist of quartz, albite-oligoclase plagioclase, muscovite, biotite 6 chlorite, oxides, tourmaline, zircon and apatite (Cozzupoli et al., 1997) .
The post-collisional evolution of the chain is characterized by tectonic inversion, which led to an extensional regime that favored the emplacement of plutonic rocks of the Sardinian-Corsican Batholith in the Late Paleozoic (e.g. Tommasini et al., 1995) .
The plutonic rocks of the GIC can be divided into: i) peraluminous granites, ranging from biotite-dominant, two-mica granodiorite to muscovite-dominant leucogranite, and (ii) quartz-diorites (Fig. 1) . A contact aureole is developed around the quartz-diorite intrusion which includes migmatitic hornfels and metagranites. The thermometamorphic rocks originated from the combination of the low pressure ( 200 MPa), high temperature ($1050 C) emplacement conditions of the quartz-dioritic magma, and the release of deuteric (i.e. late-stage magmatic) fluids into the wall-rocks (Gaeta et al., 2013) . Permian volcanic rocks occur in southwestern sector of the studied area (Gaeta et al., 2000) .
The contacts between the quartz-diorite intrusion and the wall-rocks are well exposed (Fig. 2) and their main features can be observed on a macroscopic scale.
Quartz-diorite (QD) samples have been collected up to $ 2500 m (i.e. sample PL4) from the wall-rocks and along two linear transects across the QD-wall-rock boundaries (CT48-CT55 and CT60-CT64 in Fig. 1 ). The quartz-diorites have a medium grain size ($5 mm) and hypidiomorphic granular texture due to the occurrence of abundant, euhedral, mm-sized crystals of plagioclase. Approaching the contact with the wall-rocks, the marginal quartz-diorites (hereafter mQD) become: i) finer grained; ii) occasionally leucocratic (i.e. quartzmonzonite), and iii) crossed by up to a few centimetres wide aplitic veins.
The contact between the mQD and migmatitic hornfels (hereafter MH) is discontinuously marked by cm-sized zones of granular, plagioclase-bearing, medium-grained, pink-grey hybrid rocks, containing mmto cm-sized dark, occasionally foliated, enclaves of metapelitic origin. The MH forms an up to 50 m wide band and is characterized by the alternation of mmsized, fine-grained, pink and dark layers (Fig. 2) . These layers respectively represent the leucosome and Fig. 2 , where the locations of migmatitic hornfels CT54, VA132 and TE257 are shown. Modified after Misiti (2004) and Gaeta et al. (2013). melanosome formed during the low pressure anatexis of the metapelitic wall-rocks. This stromatic structure (e.g. Brown, 1973) is generally folded (sample TE257 in Fig. 2 ) and changes to a raft structure (Sawyer, 2008; sample CT54B in Fig. 2 ) towards the QD contact, with dm-sized zones of leucosome accumulation (e.g. leucosome pocket, sample CT54L in Fig. 2 ).
SAMPLES AND METHODS
The petrography of the GIC rocks (30 samples belonging to nine rock types; Table 1 ) was studied at the Dipartimento di Scienze della Terra (Sapienza, Università di Roma) using a Carl Zeiss Axiophot microscope. Between 300 and 700 grammes of each rock were ground in an agate mortar for geochemical analysis. Care was taken to avoid MH-related assemblages in the hybrid rocks and to select fragments as pure as possible for both leucosome and melanosome. At least 40 g were used for the isotopic analyses of leucosomes and melanosomes. The major and trace element compositions of bulk samples were measured by ICP-MS at the Actlabs Group of Companies laboratories (Canada). Detection limits vary between 10-100 and 20-30 ppm for major and trace elements, respectively. A 1 g sample of finely powdered rock was digested in aqua regia and diluted to 250 ml by volume. The samples and reference materials were analysed using a Thermo Jarrell Ash ENVIRO II simultaneous and sequential ICP or a Perkin Elmer Optima 3000 ICP (details available at www.actlabs.com).
Sr and Rb analyses of K-feldpars were performed by SIMS (secondary ion mass spectrometry) using a CAMECA IMS 4f ion microprobe at the CNR-IGG (Istituto Geoscienze e Georisorse) laboratory of Pavia, Italy. Details on the operating conditions, data reduction, reproducibility and accuracy are reported in Perinelli et al. (2017) . Rb-Sr and Sm-Nd isotope analyses were carried out at the University of Melbourne, following the method of Maas et al. (2015) /yr (Villa et al., 2015) . Bulk-rock oxygen isotope analyses were carried out at the Geowissenschaftliches Zentrum, University of Gö ttingen, by laser fluorination (Sharp, 1995) in combination with isotope ratio gas mass spectrometry (IRMS). About 1Á5 mg of powdered sample was loaded along with NBS-28 quartz, into an 18-hole Ni metal sample holder. After evacuation and heating of the sample chamber to 70 C overnight, each sample was reacted with $70 mbar of purified F 2 gas (Asprey, 1976 ) using a SYNRAD 50 W CO 2 -laser. The liberated sample gas was cryotrapped and passed through heated NaCl (150 C) to separate excess F 2 . Sample O 2 was then transported with an He carrier gas stream through a 5 Õ molecular sieve capillary gas chromatograph column for further purification. The released O 2 gas was injected via bellows into the source of a Thermo MAT 253 gas mass spectrometer. Samples were analysed relative to bottle O 2 , calibrated relative to VSMOW. The analytical uncertainty in d 18 O is 6 0Á15&.
RESULTS
In the following sections we describe the textural and geochemical features of the intrusive rocks (i.e. quartz-diorites) and of the migmatitic hornfels and hybrid rocks of the metamorphic aureole at the contact with metapelites.
Petrography

Intrusive rocks
The quartz-diorites far from the wall-rocks (hereafter poikilitic QD or pQD) have inequigranular, poikilitic, medium-grained textures (Fig. 3a) . Plagioclase is the most abundant phase (core up to An 85 , Supplementary Data Table A1 ; supplementary data are available for downloading at http://www.petrology.oxfordjournals. org) occurring as up to 5 mm-sized euhedral crystals characterized by inclusions of oxides and pyroxenes. The early crystallization of pyroxenes and oxides with respect to plagioclase from andesitic magmas reflects a high activity of water in the system (e.g. Tecchiato et al., 2018) . Quartz occurs as mm-sized poikilitic grains ( Fig. 3a) , whereas K-feldspar is rare. Unlike the pQD, the marginal quartz-diorites (mQD) do not exhibit poikilitic textures because the quartz grains are rather small and interstitial ( Fig. 3b) . Clinopyroxene, orthopyroxene, amphibole and biotite range from euhedral ( Fig. 3c ) to anhedral and represent up to $20% of the rock volume. Chlorite frequently replaces these mafic minerals. Magnetite and ilmenite form small crystals generally enclosed in the other phases, but larger, mm-sized grains are also present. The quartz-monzonite (QM) and the quartzo-feldspathic veins (aplites) occurring at the periphery of the QD intrusion are characterized by abundant granophyric intergrowths. In particular, the granophyric intergrowths from the aplites are arranged in symmetric bands parallel to the contacts and show increasing grain size towards the center of the vein.
Migmatitic hornfels (MH)
The foliated MH includes alternating melanosome and leucosome layers (Fig. 4a) . The melanosome has a finegrained, granoblastic and foliated texture, and hosts two types of mineral assemblages: i) mica-absent, com- ). In proximity to the hybrid rocks, the foliation is not well defined, and the leucosome and melanosome form relatively large pockets (Fig. 2) . The leucosome pockets are characterized by a fine-grained, equigranular texture and consist of subhedral grains of K-feldspar, anhedral grains of quartz, and scarce plagioclase and chlorite crystals (Fig. 5d) . Noteworthy, the Kfeldspar from the leucosome pockets shows a different shape (i.e. crystals with one or two straight faces) compared to the K-feldspar from either the melanosome or the leucosome layers of the foliated migmatites (i.e. large anhedral or granophyric crystals). Moreover, while the Rb content is always constant in all the K-feldspars from the MH, the Sr concentration ( Fig. 6 and Table A1 ) is lower in the K-feldspars from the leucosome pockets and granophyric domains, and higher in the K-feldspars from the melanosome.
Hybrid rocks
The hybrid rocks mostly contain QD-related domains, with only minor MH-related domains. The former include medium-grain size ($5 mm), hypidiomorphic, plagioclase-rich granular zones characterized by the presence of interstitial quartz, K-feldspar-quartz granophyric intergrowths and euhedral to anhedral orthopyroxene. Conversely, the MH-related domains have variable textures and compositions, ranging from weakly foliated, granoblastic assemblages of cordierite þ magnetite þ hercynite 6 biotite 6 orthopyroxene to hercynite-dominated clots, to euhedral cordierite crystals with inclusions of magnetite, hercynite and biotite (Fig. 3d ). 
Bulk-rock geochemistry
Major element compositions
The quartz-diorites plot dominantly in the andesite field of the TAS diagram ( Fig. 7) and show a positive correlation between silica and total alkalis, and a negative correlation between silica and the other major oxide components (e.g. MgO, Fe 2 O 3 , CaO; Fig. 8 Table A1 ). The quartz-monzonite and aplite samples have trachytic and rhyolitic compositions, respectively. The MH bulk composition shows relatively low silica (SiO 2 < 60 wt %) and high alkalis (Na 2 O þ K 2 O > 3Á5 wt %, Fig. 7 ). The MH melanosome is depleted in SiO 2 and enriched in Al 2 O 3 and Fe 2 O 3 with respect to the MH bulk samples (Fig. 8) . The leucosome has a peraluminous (corundum-normative) granitic composition, corresponding to Qz 44-39 -Ab 36-24 -Or 32-14 in the haplogranitic system, with significantly higher SiO 2 and alkalis and lower MgO, TiO 2 and Al 2 O 3 contents than the bulk MH (Fig. 8) . The low CaO concentration (<0Á4 wt %) clearly distinguishes the MH leucosome from the aplites in the marginal zone of the QD intrusion. While two samples of hybrid rocks show relatively homogeneous major element compositions, comparable to those of the pQD and mQD (Figs 7 and 8) , the third hybrid rock sample has lower SiO 2 , CaO, P 2 O 5 and higher Al 2 O 3 , Fe 2 O 3 . The MgO and TiO 2 contents of all the hybrid rock samples are higher than those defined by the QD and close to the MH bulk compositions (Fig. 8) .
Trace element compositions
The QD samples show negative correlations between the concentration of silica and that of trace elements Table A1 ), with the pQD being the most enriched lithotype. The other trace elements (e.g. Rb, Ba, Zr, REE except Eu) are positively correlated with the SiO 2 content, increasing from the pQD to the QM. The QD shows a distinct Eu-anomaly, which is more evident in the mQD and QM (Fig. 10) . The aplite sample exhibits lower concentrations of most trace elements compared to QD.
The MH melanosome has higher trace element concentrations than the bulk MH and leucosome. The leucosome exhibits lower concentrations of all REE and a lower La/Yb ratio compared to the MH bulk and melanosome (Fig. 10) . Interestingly, the chondrite-normalized REE patterns are characterized by negative Eu-anomalies decreasing from the leucosome to the melanosome.
The LILE contents in the hybrid rocks are variable, while Sr and Rb concentrations are similar to those measured for the QD. The abundance of Sc, V, and Zr (i.e. clinopyroxene-, oxide-, and zircon-compatible elements, respectively) are higher in the hybrid rocks than in the QD (Fig. 9) . The REE contents in hybrid rock samples are also comparable to those in the QD, except that the REE patterns of the former do not show Euanomalies compared to those of the latter (Fig. 10) . Supplementary Data Fig. A2 ). This Stephano-Autunian age is consistent with the Rb-Sr ages of the adjacent Table A1 ) in Kfeldspars of the migmatitic hornfels. The peritectic K-feldspar in the leucosome layers, represented by the large, anhedral crystals, is clearly distinguishable from the granophyric K-feldspars. The latter, together with the K-feldspar in the leucosome pocket, has the lowest concentrations of Sr. metagranites (302 6 42 Ma; MSWD ¼31; Supplementary Data Fig. A3 ) and corresponds to the opening of postorogenic basins in Sardinia due to the trans-tensional tectonics that deeply affected the collapsing Variscan orogen (e.g. Cassinis & Ronchi, 2002) .
Sr-Nd-O isotope systematics
The Sr-Nd isotopic compositions of all GIC rocks calculated at 306 Ma are reported in Fig. 11 . The QD samples have Sr isotopic values that are more radiogenic than coeval gabbroic rocks in Sardinia but less than the microgranular mafic enclaves (MME) occurring in Carboniferous granites (Tommasini et al., 1995; Di Vincenzo et al., 1996) (Fig. 12) . This d
18 O increase broadly parallels the SiO 2 increase of these samples (Supplementary Data Fig. A4) (306 Ma) and higher e Nd(306 Ma) than the MH melanosome. The initial Sr isotope composition of the leucosome is significantly lower than those of the metamorphic rocks of the Variscan basement (Di Vincenzo et al., 1996) , which are good proxies for undisturbed (not thermally metamorphosed) metapelites hosting the GIC complex (Fig. 11) . Leucosome, melanosome and the bulk MH show d
18 O values lower than metamorphic rocks occurring in the Variscan basement (Wickham & Taylor, 1985) , but similar those of rocks forming the QD intrusion (Table 4 and Fig. 12c) .
In (306 Ma) close to those of the leucosome pocket (Fig. 11) (Fig. 12a ) the composition of the most radiogenic hybrid rock is rather near to the MH bulk and melanosome compositions. The hybrid rocks exhibit d
18 O values similar those of QD and MH (8Á6-9Á2&; Fig. 12c and Table 4 ).
DISCUSSION
The contact zone of the QD aureole is characterized by migmatitic hornfels (MH). These low pressure (Fig. 11) than the melanosome at the time of QD emplacement. This implies that the melt phase (i.e. the leucosome) was not in isotopic equilibrium with the restite (i.e. the melanosome) at the time of partial melting. By virtue of the unambiguous sourcemelt relationship, we consider that the Gennargentu MH records the process of disequilibrium melting at a larger scale than previously documented (i.e. pyrometamorphic xenoliths, e.g. Cesare, 2000; McLeod et al., 2012) and partial melting experiments (Knesel & Davidson, 2002) . Remarkably, the leucosome in the GIC migmatitic hornfels is isotopically depleted (i.e. less radiogenic Sr and more radiogenic Nd isotope composition) compared to the source rock (i.e. bulk MH and melanosomes in Fig. 11 ). In the following sections, after briefly addressing the petrogenesis of the QD and hybrid rocks, we discuss the melting reaction that originated the MH and the development of isotopic heterogeneity in the MH. (Supplementary Data Table A1 ) show that the core of QD plagioclase is Ca-rich ($An85). This is indicative of QD magma emplacement with about 4 wt% of H 2 O according to the Ca-Na exchange experimentally-derived by Sisson & Grove (1993) for calc-alkaline systems (Fig. A5) . The crystallization path of the QD magma was modelled using the MELTS program (Ghiorso & Sack, 1995) . Equilibrium crystallization simulations were run for GG14 QD (Supplementary Data Table A1 ), at P of 200 MPa, from liquidus to solidus temperature, and at NNO-buffered oxygen fugacity conditions. MELTS predicted that the QD magma had a liquidus temperature of $1050 C and achieved water saturation at 935 C. Moreover, on the basis of crystal size distribution modelling (Misiti et al., 2014) , crystallization of the QD magma occurred over $7 Kyr in the inner zone (i.e. about 250 m from the wallrocks) and $1 Kyr at the periphery of the intrusion. The composition and geometry of the aplites (i.e. rhyolitic veins characterized by straight, sharp contacts with the mQD) prove that once crystallized, the periphery of the QD intrusion was intruded by a differentiated magma sourced from the (still) partially molten, inner zone of the magmatic system. The Sr and Nd isotope data (Fig. 11) confirm, in turn, that both the aplite and QD originated from the same parental magma. Fractional crystallization models and mass balance calculations (Fig. 12a and Supplementary Data Table A1 ) support the relationships among the rock types forming the QD intrusion. The aplite composition (sample CT65) can be modelled assuming 54 wt % fractionation of a crystal assemblage consisting of plagioclase þ biotite 6 pyroxene 6 magnetite (i.e. by removing 32 wt % of Plg, 17 wt % of Bt, 3 wt % of Px, 2 wt % of Mgt and <1 wt % Apa) from the mQD compositions. Fig. 9 . Trace element vs SiO 2 co-variations for intrusive rocks, migmatitic hornfels and hybrid rocks. The black arrows schematize the melting process producing MH melanosome and MH leucosome. The blue arrow schematizes the liquid line of descent from the most primitive to the most differentiated magmatic rocks forming the quartz-dioritic intrusion.
Quartz-diorite (QD) and hybrid rocks petrogenesis
Field and textural observations together with chemical (Figs 7-9 ) and isotopic data (Fig. 11) , demonstrate that the hybrid rocks resulted from the interaction of the QD magma and the MH at the border of the intrusion. In particular, the presence of minor cordierite-hercynite domains and euhedral cordierite in rocks otherwise texturally and mineralogically similar to the QD, testifies to mingling between QD and the MH melanosome. Furthermore, Fig. 12a and b show that one hybrid rock sample (VA129) out of three, has a Sr and Rb abundance and (Fig. 12a) . This model supports the textural evidence for QD magma and MH melanosome interaction, and indicates that the hybridization process occurred after melt extraction from the MH.
Origin of the migmatitic hornfels (MH)
The presence of hercynite and the absence of garnet in the MH are distinctive of high-temperature and lowpressure contact aureoles (e.g. Droop et al., 2003; White et al., 2003) , consistent with the emplacement conditions of the QD magmatic system (Misiti, 2004; Misiti et al., 2005; Gaeta et al., 2013) . The occurrence of mica-absent domains (i.e. cordierite þ K-feldspar þ plagioclase þ corundum þ ilmenite þhercynite) as well as of domains with restitic biotite and magnetite in the MH melanosome, indicates that migmatization of the GIC metapelites involved consumption of mica (see also Brown, 2010) . This interpretation is confirmed by the occurrence of leucosome layers formed almost exclusively of cordierite and K-feldspar (Fig. 5) , which are typical anhydrous, peritectic phases due to the incongruent melting of mica (e.g. Patiño Douce & Pickering & Johnston, 1998; Otamendi & Patiño Douce, 2001; Weinberg & Hasalová , 2015) . Moreover, the occurrence of corundum (Fig. 4) in the MH testifies to the overstepping of the Mu þ Qtz ¼ Kfs þ Al 2 SiO 5 þ H 2 O reaction in the QD aureole. The overstepping was due to the relatively low silica and high aluminum contents of the MH protolith (SiO 2 ¼54 of 70 wt %; Al 2 O 3 ¼23 of 57 wt %) that enlarged, at 200 MPa (i.e. the emplacement pressure of QD), the stability field of muscovite close or beyond the temperature of the granite solidus. The amount of melt that is generally produced at the onset of micadehydration melting reactions ( 10 vol.%; e.g. Patiño Douce & Beard, 1995; Powell et al., 2005; Johnson et al., 2008; Brown & Korhonen, 2009) , however, appears relatively small compared to the estimated volume of MH leucosome ($50 vol.%) from mass balance calculations (i.e. MH leucosome ¼ bulk MH-peritectic Kfs-peritectic Crd-Pl 2 -Bt 2 -Hc; Supplementary Data Table A1 ). Thus, provided that the extent of partial melting largely increases in the presence of external fluids, fluid fluxing seems a necessary requisite for MH formation at the temperatures we inferred for GIC metapelite melting (i.e. T < 800 C, see below). A possible source of hydrous fluids to trigger metapelite partial melting could have been the QD magma, which released fluids into the granitic zone of the QD contact aureole (Gaeta et al., 2013) . The d
18 O values of the MH rock types are lower than those measured for the GIC peraluminous granites (d 18 O > 12&; Gaeta et al., 2013) and just outside the range of typical metamorphic rocks from the Variscan basement (d 18 O > 10&; e.g. Wickham & Taylor, 1985) , but overlap with the composition of the QD intrusion (Fig. 12c) . Assuming that the fluids released from the QD intrusion were in isotopic equilibrium with the magma (e.g. Fig. 10 . Chondrite-normalized REE patterns (Sun & Mc Donough, 1989) for intrusive rocks, migmatitic hornfels and hybrid rocks; p, poikilitic; m, marginal. Cartwright et al., 1995; Sawyer, 2010) , these data suggest that the oxygen isotope composition of the MH was buffered by fluids exsolved from the QD intrusion. Therefore, we infer that partial melting of the metapelitic wall-rocks was enhanced by influx of hydrous fluids derived from the QD magma differentiation.
The presence of hercynite and the absence of Al 2 SiO 5 suggest that the melting of the MH protolith occurred in a Qtz-undersaturated system (e.g. Montel et al., 1986) and that the aluminum silicate rather than quartz is one of the reactants in the melting reaction. Moreover, both the habit and chemical composition of biotite (Figs 4 and 5) suggest that the melting reaction occurred in the stability field of this mineral, that recrystallized in the migmatitic hornfels with a more restitic composition with respect to that occurring in the protolith (Supplementary Data Table A1 ). Based on the mineralogical composition of the metapelitic protolith and MH melanosome, a possible melting reaction that produced the MH is:
The absence of primary muscovite relicts and the presence of corundum in the MH melanosome (Fig. 4c) suggest that the melting temperature exceeded those (1996) and Tommasini et al. (1995) . All the isotopic values are calculated assuming a quartz-diorite emplacement age of 306 Ma. The e Nd values measured in CT54L, CT54B and CT54M have been used to plot the leucosome, bulk and melanosome samples without neodymium analyses (Table 4) . of the Mu ¼ Kfs þ corundum þ H 2 O equilibrium that at 200 MPa occurs near 715 C (Yoder & Eugster, 1955) . Moreover, the absence of metamorphic quartz coexisting with spinel constrains the melting temperature at T < 800 C (e.g. Cesare, 2000) .
Isotopic heterogeneity in the MH
Crustal melting occurring in water-undersaturated conditions and in short-lived systems is considered the best scenario to originate isotopically heterogeneous granites (Barbero et al., 1995) . This is particularly true for thermometamorphic aureoles, where the fast cooling rates favor the preservation of isotopic disequilibrium between the melanosome and leucosome of migmatites (e.g. Harris & Ayres, 1998) . Isotopic variation among the phases occurring in the protolith is a fundamental requisite to generate the different Sr-Nd isotope compositions of melanosome and leucosome. Such isotopic variation is, Table A1 , and a binary mixing model (near-vertical line) using the composition of sample CT60 (mQD) and CT54M (MH melanosome) as end-members. The isotopic composition of a peraluminous granite (FL5, Supplementary Data Table  A1 ) and those of metamorphic rocks from the Variscan basement (Wickham & Taylor, 1985) are also reported in (c). 55Á09 52Á63 56Á63  76Á46  72Á61  70Á76  58Á04  54Á60  52Á99  46Á45 42Á97  41Á48  TiO 2  1Á14  1Á31  1Á17  0Á12  0Á49  0Á45  0Á82  1Á33  0Á98  1Á21  1Á48  1Á34  Al 2 O 3  17Á2  19Á56 16Á47  11Á70  12Á23  13Á76  19Á00  19Á73  20Á90  28Á52 28Á27  29Á01  Fe 2 O 3  8Á20 11Á10  7Á89  2Á83  3Á75  3Á87  7Á13  11Á22  9Á00  11Á23 11Á38  10Á72  MnO  0Á13  0Á21  0Á13  0Á03  0Á34  0Á04  0Á07  0Á21  0Á05  0Á13  0Á42  0Á10  MgO  4Á52  5Á16  4Á40  0Á21  1Á45  2Á28  3Á43  4Á85  4Á24  4Á46  4Á26  3Á66  CaO  5Á54  3Á90  5Á08  0Á30  0Á42  0Á34  1Á10  1Á85  1Á28  1Á33  2Á30  3Á07  Na 2 O  2 Á12  1Á50  2Á10  2Á42  3Á90  1Á99  2Á01  0Á97  2Á54  1Á29  1Á59  1Á89  K 2 O  2 Á39  1Á52  2Á38  4Á93  3Á12  4Á05  5Á03  2Á79  3Á03  2Á98  3Á55  3Á51  P 2 O 5  0Á14  0Á09  0Á13  < 0Á01  0Á07  0Á10  0Á10  0Á15  0Á11  0Á09  0Á14  0Á15  LOI  2Á06  2Á16  2Á46  0Á43  1Á52  1Á89  2Á37  2Á74  3Á98  1Á98  3Á09  3Á99  TOT  98Á55 99Á14 98Á84  99Á43  99Á88  99Á53  99Á09 100Á44  99Á09  99Á67 99Á67  98Á89   1 data from Misiti (2004) . CT54L  VA132L  TE 257L  CT54B VA132   1   TE257B CT54M VA132M TE257M   Sc  26  29  27  2  1  2  24  26  29  40  22  32  V  232  289  233  13  9  12  200  216  219  285  153  228  Sr  271  218  250  125  95  189  222  167  294  208  204  562  Ba  517  378  547  437  309  416  984  592  809  1597  661  982  Rb  76  69  75  133  87  57  220  149  193  193  175  178  Y  2 4  2 1  2 3  1 8  1 3  1 7  3 6  2 5  3 7  6 5  1 7  2 6  Zr  252  379  259  108  76  105  191  269  204  321  174  259  Nb  20  15  12  10  7  9  16  17  15  25  15  22  Cs  4Á53  5Á47  4Á22  4Á12  2Á57  3Á09  7Á23  10Á06  0Á70  10Á17  5Á10 7Á58  La  32  34  26  11  8  11  16  39  37  69  40 Ho  0Á77  0Á73  0Á76  0Á62  0Á44  0Á57  1Á38  0Á89  1Á26  2Á19  0Á61 0Á91  Er  2Á53  2Á60  2Á48  1Á90  1Á34  1Á84  3Á83  3Á09  3Á88  6Á48  1Á74 2Á58  Tm  0Á38  0Á39  0Á39  0Á32  0Á23  0Á29  0Á37  0Á48  0Á37  0Á70  0Á19 0Á28  Yb  2Á45  2Á73  2Á55  2Á38  1Á68  2Á27  3Á61  3Á12  3Á72  6Á22  1Á57 2Á33  Lu  0Á37  0Á44  0Á39  0Á41  0Á29  0Á37  0Á53  0Á48  0Á48  0Á82  0Á26 0Á39  Hf  5Á30  7Á61  7Á16  4Á10  2Á93  3Á88  5Á45  6Á00  6Á11  9Á30  5Á10 7Á58  Ta  0Á91  1Á08  1Á05  1Á23  0Á87  1Á09  1Á01  1Á25  0Á98  1Á67  1Á08 1Á61  Th  8Á56  8Á71  9Á51  29Á20  20Á6  2 8 Á33  16Á47  10Á69  17Á17  25Á81  15Á29 22Á71   1 data from Misiti (2004) . 
pQD, poikilitic quartz diorite; mQD, margin quartz diorite; QM, quartz monzonite; 2M, two micas; MH, migmatitic hornfels. Sr and e Nd lower and higher, respectively, than the coexisting melanosome (Figs 11 and 12) , suggesting that the hydrous fluid exsolved from the QD intrusion did not affect the radiogenic isotope composition of the MH (i.e. in the opposite scenario, both leucosome, melanosome and MH bulk would have eSr and eNd increased or decreased with little systematic variation).
The lower Sr content of the leucosome compared to that of the MH bulk and melanosome (Figs 9 and 12) indicates that Sr behaved as a compatible element during the partial melting reaction. Considering that: (i) the amount of restitic plagioclase (bytownitic composition, sample CT54M; Supplementary Data Table A1) in the MH melanosome is relatively scarce ( 10 vol.%); (ii) the compatibility of large trace cations such as Sr is higher in the more elastic structure of alkali-rich feldspar than in the stiff structure of anorthitic feldspar (Blundy & Wood, 1991) ; (iii) experimentally determined partition coefficients for Sr between alkali feldspar (AbþOr! 50 mol %) and rhyolitic melt range from 10 to 14 (Icenhower & London, 1996) ; (iv) given that apparent partition coefficient values comparable to the aforementioned experimental data can be obtained by dividing the highest Sr-content measured from the melanosome K-feldspar by the bulk composition of the leucosome pocket (Table 3 and Supplementary Data  Table A1 ), it seems plausible that the Sr concentration in the GIC anatectic melt was inversely correlated with the amount of K-feldspar obtained from the melting reaction. Accordingly, the K-feldspar formed from mica breakdown (hereafter 'peritectic K-feldspar') in the melanosome and in the granophyre-absent or -poor leucosome layers of foliated migmatites (Figs 4 and 5) is characterized by the highest Sr contents (Fig. 6) . We propose that the crystallization of peritectic K-feldspar caused the 87 Sr/ 86 Sr disequilibrium between the leucosome and the melanosome. In this framework, the melt produced at the onset of the melting reaction was depleted in radiogenic Sr due to peritectic K-feldspar crystallization, which incorporated the radiogenic Sr released from the reactant muscovite. Importantly, thermal conditions played a key role in the partitioning process. Indeed, the lower temperature of the melting reaction (<800 C) with respect to the closure temperature (Tc) of plagioclase (T ! 800 C; for time !10 4 years and anorthite content !23; Cherniak & Watson, 1994) hampered muscovite-plagioclase diffusive exchange, with the result that the Sr made available from muscovite breakdown preferentially fed the peritectic Kfeldspar. Even in a theoretical scenario of subsolidus diffusion, radiogenic Sr exchange between muscovite and plagioclase would have been prevented by the occurrence of biotite, by virtue of the lower Tc of this latter mineral (Hammouda & Cherniak, 2000) .
As shown above, the leucosome shows striking heterogeneity in terms of texture, K-feldspar modal abundance and crystal shape. The granophyric texture in the leucosome layers (Fig. 5c ) and the subhedral K-feldspar in the leucosome pockets (Fig. 5d) are strong indications of crystallization from a melt phase. The low Sr content of K-feldspars in the granophyric texture and in the studied leucosome pocket (Supplementary Data Fig.  A2 ) confirms that melting reaction (1) formed an Srpoor melt phase in equilibrium with a solid phase enriched in Sr. According to the disequilibrium model of Harris & Ayres (1998) , the isotopic heterogeneity between melt (leucosome) and restite (melanosome) depends on the efficiency of melt separation from the residue and the temperature conditions. The occurrence of discrete domains of peritectic K-feldspar þ cordierite (Fig. 5a ) isolated from the quartz þ K-feldspar granophyric intergrowths and/or from the leucosome pockets ( Fig. 5d) demonstrates that the process of meltperitectic phase separation was rather efficient in the GIC migmatites. Efficiency was probably enhanced by the hydrating effect of fluid exsolved from the QD magma that increased both the amount and the mobility of the anatectic melt.
The textural features of the hydrous melanosome and leucosome layers (i.e. subhedral habit and inclusions of magnetite) indicate that biotite recrystallized (i.e. Bt 2 in reaction 1) to equilibrate with the melt phase during metamorphism and subsequent anatexis. The higher amount of Rb in the bulk MH and melanosome compared to the leucosome composition ( Fig. 12 and Table 3) suggests that the preservation of biotite, being the most radiogenic phase in the protolith (Rb/Sr biotite > Rb/Sr muscovite > Rb/Sr plagioclase in metapelites; e.g. Yang & Rivers, 2000) contributes to the isotopic disequilibrium in the MH. However, mass balance calculations based on the bulk TiO 2 content (Table 2) , indicate the presence of less than 3 wt % of biotite in the MH, suggesting that the role of biotite in maintaining isotopic disequilibrium was probably minor.
The different Nd contents of the melanosome and leucosome (Fig. 10) suggest a similar mechanism at the root of Nd isotope heterogeneity in the MH. Specifically, unradiogenic Nd inherited from the protolith was preferentially incorporated in the phases that remained in the MH melanosome. Nd and Sm are compatible elements in the magnetite (6 ilmenite) formed during melting reaction (1). Literature data for the Nd and Sm distribution coefficient between magnetite (6 ilmenite) and rhyolitic melt (e.g. Mahood & Hildreth, 1983) indicate that Kd(Nd) > Kd(Sm). Therefore, we suggest that the peritectic crystallization of magnetite (6ilmenite) during the melting reaction could have concentrated the unradiogenic Nd coming from biotite directly in the oxide phases, being responsible for the Nd heterogeneity between melanosome and leucosome.
CONCLUSIONS
Disequilibrium melting in contact aureoles has been investigated at the Gennargentu Igneous Complex through the case study of migmatitic hornfels adjacent to a quartz-dioritic intrusion. Here, migmatites show isotopic heterogeneity, whereby the leucosome exhibits less radiogenic Sr and more radiogenic Nd isotopic composition than both the melanosome and the metapelitic protolith. Rapid heating, at peak temperatures lower than the closure temperatures of highly radiogenic phases in the protolith, is certainly a contributing factor for the preservation of isotopic disequilibrium in partially molten rocks. In addition, we propose that the formation of peritectic phases is also able to generate isotopic heterogeneity among restitic minerals and melt. Mica breakdown forms K-feldspar and magnetite enriched in radiogenic Sr and unradiogenic Nd. Textural observations indicate that these phases are efficiently separated from the melt and are included, with recrystallized restitic biotite, in the melanosome. In this scenario, we suggest that the hydrating role of fluids coming from the quartz-diorite magma was of fundamental importance to (i) increase the amount and the mobility of anatectic melt, and (ii) enhance the efficiency of melt-peritectic phases separation in the GIC migmatites.
